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Abstract
Even if SUSY is not present at the Electro-Weak scale, string theory suggests its
presence at some scale MSS below the string scale Ms to guarantee the absence
of tachyons. We explore the possible value of MSS consistent with gauge coupling
unification and known sources of SUSY breaking in string theory. Within F-theory
SU(5) unification these two requirements fixMSS ≃ 5×1010 GeV at an intermediate
scale and a unification scale Mc ≃ 3 × 1014 GeV. As a direct consequence one also
predicts the vanishing of the quartic Higgs SM self-coupling at MSS ≃ 1011 GeV.
This is tantalizingly consistent with recent LHC hints of a Higgs mass in the region
124-126 GeV. With such a low unification scale Mc ≃ 3× 1014 GeV one may worry
about too fast proton decay via dimension 6 operators. However in the F-theory
GUT context SU(5) is broken to the SM via hypercharge flux. We show that this
hypercharge flux deforms the SM fermion wave functions leading to a suppression,
avoiding in this way the strong experimental proton decay constraints. In these
constructions there is generically an axion with a scale of size fa ≃Mc/(4π)2 ≃ 1012
GeV which could solve the strong CP problem and provide for the observed dark
matter. The price to pay for these attractive features is to assume that the hierarchy
problem is solved due to anthropic selection in a string landscape.
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1 Introduction
The LHC is already providing us with very important information on the physics
underlying the Standard Model (SM) symmetry breaking process. A first piece of
information are the constraints on the mass of the Higgs particle which is either heavier
than 600 GeV or else confined to a region in the area 120−127 GeV. In fact after the 7
TeV run there are important hints suggesting a Higgs mass in the region 124−126 GeV
from both CMS and ATLAS [1,2]. A second piece of information is the absence of any
trace of physics beyond the Standard Model (BSM). In particular there is at present no
sign of squark and gluinos below 1 TeV, at least if they decay via the standard R-parity
conserving channels in the Minimal Supersymmetric Standard Model (MSSM).
1
A Higgs mass around 125 GeV is in principle good news for supersymmetry. Indeed
such a value is consistent with the MSSM which predicts a mass < 130 GeV for its
lightest Higgs scalar. On the other hand getting such a Higgs mass within the MSSM
typically requires a very massive SUSY spectrum with e.g. squarks at least in the 3−10
TeV region [3]. This massive spectrum requires in turn a fine-tuning of the parameters
at the per-mil level. If after the run at 14 TeV the LHC sees no sign of supersymmetry
or any other new physics BSM, the required fine-tuning will increase further and we
will have to consider seriously the possibility that indeed the Electro-Weak (EW) scale
is fine-tuned and selected on anthropic grounds [4–7].
If the EW scale is fine-tuned and low-energy SUSY does not play a role in the
hierarchy issue, one may think of resurrecting good old non-SUSY unified theories like
SU(5). We have to recall however the limitations of non-SUSY unification. Unification
of gauge coupling constants, which works so well with the MSSM, fails in the non-SUSY
case. Furthermore in minimal SU(5) models the unification scale is around 1014−1015
GeV and the proton decays too fast via dimension 6 operators. We also loose the
existence of a natural candidate for dark matter to replace the neutralinos in the
MSSM.
There is however another hint telling us that a non-SUSY desert up to a unified
SU(5) scale and a fine-tuning of the Higgs mass is unlikely. Indeed if a SM Higgs
mass is around 125 GeV one knows what is the value of the Higgs quartic coupling
λ(MEW ) at the EW scale. One can then extrapolate its value up in energies using the
Renormalization Group Equations (RGE). Due to the large top quark Yukawa coupling
λ decreases at higher energies and in fact seems to vanish at a scale around 109− 1012
GeV, with the precise scale depending on the precise value of the top-quark mass mt
and the strong coupling constant α3 [8–16]. If this is the case the theory becomes
metastable before reaching the unification scale.
In any event, supersymmetric or not, one expects any unified theory to be combined
with gravitation into an ultraviolet complete theory. At present the best candidate for
such completion is provided by string theory. It is thus natural to try to address the
unification issue within the context of string theory. In the last few years an interesting
embedding of the SU(5) unification idea into F-theory has been the subject of much
work (for reviews see [17, 18]). These so called F-theory GUTs have some similarities
with standard SU(5) field theory models but differ in some important aspects. Thus,
e.g., the breaking of SU(5) down to the SM is produced by the presence of hypercharge
fluxes in the compact dimensions instead of an explicit Higgs mechanism. As we will
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see this leads to several physical effects on both the gauge and Yukawa couplings which
modify several aspects of field theory GUTs.
In the present paper we address the embedding of the SM or its SUSY version
into the scheme of SU(5) F-theory unification without any prejudice about the size
of the SUSY breaking scale MSS. At this scale it is assumed that soft terms break
the SUSY SM 1 into the minimal SM. We study what the scale of unification Mc and
SUSY breaking MSS should be in order to obtain 1) correct gauge coupling unification,
2) sufficiently suppressed proton decay and 3) consistency with a SM Higgs in the
124− 126 GeV region.
F-theory unification has specific hypercharge flux threshold corrections [19–21] to
the inverse couplings αi(Mc)
−1 which are proportional to the inverse string constant
g−1s . At strong coupling they are suppressed and correct gauge coupling unification
is obtained with the MSSM spectrum and MSS = 1 TeV in the usual way. On the
other hand, if one wants to remain at weak coupling, the threshold corrections are
too large and spoil MSSM unification (unless extra effects from particles beyond the
MSSM are included). However leaving the SUSY breaking scale free with MSS ≫ 1
TeV one finds that the threshold corrections have the required form and size to yield
correct gauge coupling unification without the addition of any extra particle beyond
the MSSM content. We argue that there are three independent arguments suggesting
MSS is at an intermediate scale MSS ≃ 5×1010 GeV with gauge unification then fixing
a unification scale Mc ≃ 3× 1014 GeV. First, SUSY breaking induced by closed string
fluxes gives rise generically to soft terms of order MSS ≃ M2c /(α1/2G Mp) ≃ 5 × 1010
GeV. Second, if indeed the SM Higgs self-coupling vanishes at a scale of order 1011
GeV, as seems to be implied by a 124 − 126 GeV Higgs, this may be an indication
of a SUSY boundary condition λ(MSS) =
1
8
(g21 + g
2
2)cos
22β with tanβ(MSS) ≃ 1. We
show that this boundary condition is quite generic in string constructions in which a
Higgs field HSM = sinβHu− cosβH∗d is fine-tuned to be massless. Finally, in F-theory
SU(5) GUT’s there is a natural candidate for a string axion with decay constant
fa ≃ Mc/(16π2), which is in the right region ≃ 1012 GeV for axionic dark matter if
Mc ≃ 3× 1014 GeV.
In this ISSB2 framework the unification scale is relatively low, Mc ≃ 3 × 1014
GeV and one may worry about fast proton decay via dimension 6 operators. Again,
1The SUSY spectrum could be that of the MSSM of some extension with e.g. extra Higgs doublets
or triplets, see below. Whenever we write MSSM we also mean this kind of extensions, which will
require minimal modifications.
2Intermediate Scale Supersymmetry Breaking.
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the fact that the breaking of the SU(5) symmetry down to the SM proceeds due to a
hypercharge flux background rather than a Higgs mechanism modifies the expectations.
Indeed, in field theory the gauge coupling of the SU(5) X, Y gauge bosons to fermions
remains unchanged before and after symmetry breaking. However if symmetry breaking
is induced by hypercharge fluxes, the X, Y coupling to fermions may be substantially
suppressed due to the fact that the profile of the corresponding wave functions is
modified. We describe this novel effect in detail by using local F-theory wave-functions
of SU(5) matter fields.
The outline of this paper is as follows. In the next chapter we present a brief review
of F-theory SU(5) unification with emphasis on the particular aspects which play a
role in the following sections. In chapter 3 we discuss gauge coupling unification and
the scales of SUSY breaking MSS and unification Mc naturally arising. In chapter
4 we discuss the value of the quartic Higgs coupling at MSS within the context of
string compactifications, describing how tanβ ≃ 1 comes naturally. In the following
section we discuss how the fine-tuning of a massless SM Higgs can proceed and the
one-loop stability of the tanβ ≃ 1 boundary condition. In chapter 6 we address the
issue of proton decay suppression and in chapter 7 we discuss other phenomenologi-
cal consequences and in particular how an axion with an appropriate decay constant
naturally appears within this framework. We briefly discuss the case of Split-SUSY in
section 8 and leave section 9 for some final remarks and conclusions. Three appendices
complement the main text.
2 SU(5) and F-theory unification
F-theory [22] may be considered as a non-perturbative extension of Type IIB orien-
tifold compactifications with 7-branes. This class of compactifications have two main
phenomenological virtues compared to other string constructions [17, 18]). First, in
Type IIB compactifications it is well understood how moduli could be fixed in the
presence of closed string fluxes and non-perturbative effects. Secondly, particularly
within F-theory, GUT symmetries like SU(5) appear allowing for a correct structure
of fermion masses (in particular a sizeable top quark mass). Here we just review a few
concepts which are required for the understanding of the forthcoming sections. Our
general discussion applies both to perturbative Type IIB and their F-theory extensions
but we will refer to them as F-theory constructions for generality.
In Type IIB orientifold/F-theory unified models the SU(5) symmetry arises from
4
Figure 1: Scheme of an F-theory SU(5) GUT. The six extra dimensions are compacti-
fied on B3 whereas the SU(5) degrees of freedom are localized on a 4-cycle submanifold
S. The gauge bosons live on the bulk of S but the chiral multiplets are localized on
complex matter curves. At the intersection of two matter curves with a Higgs curve a
Yukawa coupling develops.
the worldvolume fields of five 7-branes with their extra 4 dimensions wrapping a 4-
cycle S inside a six dimensional compact manifold B3, see fig.1. The matter fields
transforming in 10-plets and 5-plets have their wave functions in extra dimensions
localized on complex curves, the so called matter curves. These matter curves, which
have two real dimensions, may be understood as intersections of the SU(5) 7-branes
with extra U(1) 7-branes wrapping other 4-cycles in B3.
In order to get an idea of the relevant mass scales one can use results from per-
turbative Type IIB orientifolds. The string scale Ms = α
′−1/2 is related to the Planck
scale Mp by [17]
M2p =
8M8s V6
(2π)6g2s
(2.1)
where V6 is the volume of the 6-manifold B3 and gs in the string coupling constant. α
′
is the inverse string tension. Note that one can lower Ms by having a large volume V6
(or decreasing gs), so that the string scale is in principle a free parameter.
Now, the volume V4 of the 4-fold S which is wrapped by the 7-branes is independent
from the overall volume of B3. This volume however is related to the inverse GUT
5
coupling constant αG. In particular one has at tree level
1
αG
= 4πRefSU(5) =
1
8π4gs
(
V4
α′2
)
(2.2)
with fSU(5) the gauge kinetic function. Parametrizing V4 = (2πRc)
4 one then has
Mc = Ms
(
αG
2gs
)1/4
(2.3)
where we define Mc = 1/Rc. This is slightly below the string scale (i.e. for gs = 1/2
and αG = 1/38 one has Mc ≃ 0.4Ms). This scale Mc can be identified with the GUT
scale at which SU(5) is broken down to the SM. Indeed in F-theory GUTs there are
no adjoint Higgs multiplets nor discrete Wilson lines available and it is a hypercharge
flux background < FY > 6= 0 which does the job [23, 24]. These fluxes go through
holomorphic curves Σ inside S and they are quantized,
∫
Σ FY = integer. Thus on
dimensional grounds one has < FY >≃ 1/R2c = M2c and indeed one can identify Mc
with the GUT scale.3
We want to consider here the case in which slightly below the unification scale we
have unbroken N = 1 SUSY with an MSSM spectrum (or some slight generalization,
see below). One reason for that assumption is that such class of vacua have no tachyons
which could cause any premature instability in the theory. We will find additional a
posteriori justifications for such an option in the forthcoming chapters. We will however
allow for SUSY to be broken in the MSSM sector at a scale MSS to be determined. It
is however important to realize that there is a natural scale of SUSY breaking in Type
IIB/F-theory compactifications.
Indeed, a most natural source of SUSY breaking is the presence of closed string
fluxes in such vacua. More precisely, it is well known that e.g. generic RR and NS
3-form fluxes G3 in Type IIB orientifolds induce SUSY-breaking soft terms [25]. These
are also the fluxes which play a prominent role in the fixing of the moduli in these
vacua. Since these fluxes live in the full CY and are quantized on 3-cycles, the said
soft terms scale like G3 ≃ c α′/(V 1/26 ). One thus finds for the size of soft terms [17]
MSS ≃ g
1/2
s√
2
G3 =
cg1/2s√
2
α′
V
1/2
6
=
cM2s
Mp
(2.4)
3Hypercharge fluxes have an additional use in F-theory GUT’s. Indeed, by appropriately choosing
these open string fluxes one can get doublet-triplet splitting in the SU(5) Higgs 5-plet, see refs.
[17, 18, 23, 24] for details. However, as we will remark later, doublet-triplet splitting is not strictly
necessary in our scheme, and so the constraints that are usually required on the hypercharge flux in
order to achieve doublet-triplet splitting can be relaxed in our setup.
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with c some fudge factor. Taking c = 1 and taking into account eq.(2.3) one thus has
an estimation for MSS
4
MSS =
(2gs)
1/2
α
1/2
G
M2c
Mp
. (2.5)
We will discuss other possible sources of SUSY breaking in section 4.
Although it will not play a relevant role in our discussion, let us briefly mention how
the Yukawa couplings appear in the framework of F-theory unification. As we said the
matter multiplets of the MSSM are confined in complex matter curves within the 4-
fold S. Yukawa couplings appear at triple intersection points in S in which two matter
curves involving 10-plets and 5-plets cross with a matter curve containing the Higgs
5-plets, see fig.1. The Yukawa couplings may be computed as in standard Kaluza-Klein
compactifications from triple overlap integrals of the form
Y ijD,L =
∫
S
Ψi10Ψ
j
5¯ΦHD Y ijU =
∫
S
Ψi10Ψ
j
10ΦHU . (2.6)
where i, j are family indices. The wave functions have a Gaussian profile so that
one only needs local information about these wave functions around the intersection
points in order to compute the Yukawa couplings. This local information may be
extracted from the local equations of motion which may be solved so that quite explicit
expressions for these wave functions may be obtained. We will use these local wave
functions when discussing the proton decay suppression in section 6.
As a summary we see that F-theory SU(5) unification allows for a general structure
of scales MSS < Mc < Ms < Mp. In what follows we will discuss how constraints from
gauge coupling unification and the Higgs mass fix these scales.
3 Gauge coupling unification and hypercharge flux
In order to check for gauge coupling unification we will assume that at some scale Mc
the SU(5) symmetry is broken by hypercharge fluxes down to the SM group. We will
asume that after this breaking the particle content is that of the MSSM (although we
4Note that setting Ms ≃ 1011 GeV one would obtain a scheme with soft terms around 1 TeV,
which would be consistent with a SUSY solution of the hierarchy problem. However that would
require also a string scale of order Ms ≃ 1011 GeV and MSSM gauge coupling unification would be
lost. Alternatively one can setMc ≃Ms ≃ 1016 GeV consistent with MSSM gauge coupling unification
if the effect of fluxes is somehow suppressed. Possible ways to suppress it would be assuming some
fine-tuning in the flux or some warp factor leading to a flux dilution. This is the implicit assumption
in models with flux induced SUSY breaking, Ms ≃ 1016 GeV and a standard SUSY solution to the
hierarchy problem.
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will allow for some variation below). However, unlike in the usual low energy SUSY
scenario, we allow the scale of SUSY breaking on the MSSMMSS to be a free parameter.
We know that the standard MSSM prediction for gauge coupling unification [26] with
MSS ≃ 1 TeV is quite successful. On the other hand for MSS ≃ Mc we have the SM
below Mc and we know that coupling unification fails. On the basis of this one could
conclude that gauge coupling unification forces MSS to be close to the weak scale.
Interestingly enough, the breaking of the SU(5) symmetry via fluxes has a novel type
of threshold corrections [19–21] compared to the field theory case, as we now describe.5
To leading order the gauge kinetic function for the SU(5) group within the 7-branes is
given by the local Ka¨hler modulus T whose real part is proportional to V4, consistently
with eq.(2.2). However in the presence of hypercharge fluxes FY the gauge kinetic
functions get corrections [20]
4πfSU(3) = T − 1
2
τ
∫
S
Fa ∧ Fa (3.1)
4πfSU(2) = T − 1
2
τ
∫
S
(Fa ∧ Fa + FY ∧ FY )
3
5
4πfU(1) = T − 1
2
τ
∫
S
(
Fa ∧ Fa + 3
5
(FY ∧ FY )
)
.
where τ = 1
gs
+ iC0 is the complex dilaton and Fa are fluxes along the U(1) contained
in the U(5) gauge group of the 7-branes which are needed for technical reasons but are
not relevant in our discussion. It turns out that in order to get rid of exotic matter
massless fields beyond those of the MSSM the topological condition
∫
FY ∧ FY = −2
should be fulfilled [23, 24]. This implies that at the compactification scale one has the
condition
1
α1(Mc)
=
1
α2(Mc)
+
2
3α3(Mc)
. (3.2)
which is a generalization of the standard relationship 5/3α1 = α2 = α3. In addition
one also obtains
3
5
1
gs
=
3
5α1(Mc)
− 1
α3(Mc)
=
3
5
(
1
α2(Mc)
− 1
α3(Mc)
)
. (3.3)
Thus the size of the threshold corrections is determined by the inverse of the string
coupling gs. The corrections by themselves would imply an ordering of the size of the
fine structure constants at Mc given by
1
α3(Mc)
<
1
α1(Mc)
<
1
α2(Mc)
. (3.4)
5These corrections result from the expansion in powers of fluxes F of the Dirac-Born-Infeld plus
Chern-Simmons (DBI+CS) action of the 7-branes, see e.g. [17] for a review.
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We will be neglecting in what follows other possible sources of threshold corrections
like the loop contributions of KK massive modes. The corrections in eq.(3.2) may in
fact spoil the standard joining of gauge coupling constants in the MSSM, which works
quite well, unless they are suppressed by assuming gs ≫ 1. Furthermore the above
ordering of couplings goes in the wrong direction if one wanted to use such corrections
to further improve the agreement with experiment [20].
Interestingly enough, in our setting with undetermined MSS the corrections have
just the required form and size to get consistency with gauge coupling unification
without the addition of any extra matter field beyond the MSSM (see also ref. [27]).
The one-loop renormalization group equations lead to the standard formulae
1
αi(Mc)
=
1
αi(MEW )
− b
NS
i
2π
log
MSS
MEW
− b
SS
i
2π
log
Mc
MSS
(3.5)
where bNSi , b
SS
i are the one-loop beta-function coefficients of the SM and the MSSM
respectively. These are given by (b1, b2, b3)
NS = (41/6,−19/6,−7) and (b1, b2, b3)SS =
(11, 1,−3). Combining these equations and including the boundary condition (3.2)
(which amounts to allowing for the above threshold corrections) one obtains
2π
(
1
α1(MEW )
− 1
α2(MEW )
− 2
3α3(MEW )
)
= (3.6)
=
(
bNS1 − bNS2 −
2
3
bNS3
)
log
(
MSS
MEW
)
+
(
bSS1 − bSS2 −
2
3
bSS3
)
log
(
Mc
MSS
)
In our case this yields
44
3
log
MSS
MEW
+ 12 log
Mc
MSS
= 2π
(
1
α1(MEW )
− 1
α2(MEW )
− 2
3α3(MEW )
)
. (3.7)
This is displayed by the black line in figure 2. We have used the central values of the
couplings
α3(MEW ) = 0.1184± 0.0007 (3.8)
α−1em(MEW ) = 128.91± 0.02 (3.9)
sin2θW (MEW ) = 0.23120± 0.00015 . (3.10)
One observes that one can get consistent unification for values of MSS up to slightly
below 1014 GeV, which is required by the condition MSS < Mc. The unification scale
has also a lower bound at the same scale. If however we impose that SUSY breaking
is induced by closed string fluxes with MSS = ((2gs)
1/2/α
1/2
G )
M2c
Mp
as explained in the
previous section, the values of both MSS and Mc are fixed yielding
MSS = 5× 1010 GeV ; Mc = 3× 1014 GeV . (3.11)
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Figure 2: Constraints on MSS and Mc from gauge coupling unification (black line) and
closed string flux induced SUSY breaking (red line). The vertical (blue) band shows
the region of MSS at which the SM Higgs coupling λ vanishes for a Higgs mass in the
range 124−126 GeV and mt = 173.2 GeV, as extracted from ref. [9,11]. The horizontal
line shows the value of the axion decay constant for the selected unification mass Mc.
Thus one gets correct coupling unification consistent with closed string flux SUSY
breaking for SUSY broken at intermediate scale ≃ 1011 GeV and a slightly low SU(5)
unification scale of order 1014 GeV. This immediately poses an apparent problem with
proton decay that we will deal with in section 6.
It is also interesting to display the value of gs as a function of MSS from eq.(3.3).
This is shown in fig. 3. For the values in eq.(3.11) one finds gs = 0.28. This shows
that the string coupling here is in a perturbative regime. On the other hand for values
MSS ≃ 1 TeV, corresponding to standard MSSM low-energy supersymmetry one needs
gs ≫ 1. Note that in the context of F-theory the dilaton value gs varies over different
locations in extra dimensions and may be large or small, so both situations are possible
in F-theory GUTs.
Another interesting point is that the unification line in fig. 2 does not change if in
the region MSS −Mc there are incomplete SU(5) 5-plets, as equation (3.7) does not
change. Thus for example the curve remains the same if the SU(5) partner of the Higgs
doublets, the triplets D,D transforming like (3, 1, 1/3) + c.c., remain in the spectrum
10
1000 105 107 109 1011 1013
0.5
1.0
1.5
MSS HGeVL
g S
1000 105 107 109 1011 1013
0.190
0.195
0.200
0.205
0.210
MSS HGeVL
g S
Figure 3: The string dilaton coupling constant versusMSS for consistent gauge coupling
unification. Left: With an MSSM content in the region MSS −Mc; Right: With an
additional vector-like triplet set D +D in that region.
below Mc. These triplets are potentially dangerous since their exchange give rise to
dimension 6 proton decay operators. The rate is above experimental limits unless
MD ≥ 1011 GeV [28], see section 6. That is why in GUTs one needs to perform some
form of doublet-triplet splitting so that the Higgs fields remain light but the triplets
are superheavy. In our case however these triplets will get a mass of order MSS ≈ 1011
GeV anyhow so they may be tolerated below Mc and no doublet-triplet splitting is
necessary. The presence of these triplets does however affect the size of the threshold
corrections and gs. In this case one gets typically smaller gs which slowly grows asMSS
increases, see fig. 3. For MSS ≃ 1011 GeV one gets gs = 0.20.
4 The quartic coupling and the Higgs mass
We have seen in the previous section how this ISSB framework is consistent both with
gauge coupling unification and flux-induced SUSY breaking. Interestingly enough it
has been recently found that if a non-SUSY SM Higgs is around 125 GeV, the SM
RGE of the quartic self-coupling seems to drive it to a vanishing value at around 1011
GeV or so (see e.g. [9, 10]).
The question is whether there is any SUSY/string based scheme in which that
happens naturally. Note that the Intermediate Scale SUSY Breaking (ISSB) described
above corresponds to a variant of the High Scale SUSY Breaking (HSSB) scheme of
Hall and Nomura in ref. [6]. This is just assuming a MSSM structure above a very
large SUSY scale MSS. All SUSY partners are heavy but there is still some imprint
left of the High Scale SUSY in the Higgs sector. Indeed out of the two scalars Hu, Hd
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in the MSSM only one linear combination remains light below MSS, i.e.
HSM = sinβHu − cosβH∗d (4.1)
Then there is a quartic self-coupling λSS|HSM |4 with [5, 6]
λSS =
1
8
(
g22 +
3
5
g21
)
cos22β (4.2)
which is inherited from the D-term scalar potential of the MSSM. As we said it has
been shown [9–16] that, starting at low-energies with a SM Higgs with a mass around
124-126 GeV and running up the SM self-coupling λ up in energies this coupling tends
to zero around a scale 109 − 1011 GeV (see fig. 4). This would be consistent with the
above High Scale SUSY Breaking scheme if at the scale MSS one had tan β = ±1, so
that λSS(MSS) ≃ 0.
An interesting question is thus under what conditions one naturally gets tan β ≃
±1. The general form of Higgs masses in the MSSM is6
(
Hu , H
∗
d
) m2Hu m23
m23 m
2
Hd



 H∗u
Hd

 . (4.3)
where we will take m23 real. The condition for a massless eigenvalue is m
4
3 = m
2
Hum
2
Hd
.
The massless eigenvector is then
HSM = sinβ Hu ∓ cosβ H∗d (4.4)
with sin β = ±|mHd |/
√
m2Hu +m
2
Hd
. So in order to have a massless Higgs with tan
β ≃ ±1 one needs to have the conditions
m2Hu = m
2
Hd
(4.5)
m43 = m
2
Hum
2
Hd
(4.6)
We will take the negative sign in (4.4) from now on. The first condition points to an
underlying symmetry under the exchange of Hu and Hd, possibly slightly broken. The
second condition does not necessarily imply any underlying symmetry, it is rather a
fine-tuning constraint which has to be there anyhow if we want to get a light Higgs.
So this could be selected on anthropic grounds.
6If in addition to the Higgs doublets there remain Higgs triplets D,D below Mc, similar mass
matrices will appear for them. However there will be no anthropic selection of light scalar triplets. So
doublet-triplet splitting would be purely anthropic.
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One can consider as a first option the direct construction of non-SUSY compact-
ifications. Examples of this could be e.g. theories obtained from branes sitting at
non-SUSY ZN orbifold singularities (see e.g., ref. [29]). In this class of theories the
particles in the spectrum, typically involving both fermions and scalars, have no SUSY
partners to start with. These are however problematic since the spectrum generically
contains tachyons from the closed string sector which destabilize the theory. So we
will restrict ourselves to theories in which there is an underlying N = 1 SUSY which
is spontaneously broken to N = 0. This will guarantee the absence of closed or open
string tachyons from the start.
There are several possible sources for spontaneous SUSY breaking in the IIB/F-
theory context which may arise from open or closed string fluxes 7 which we discuss in
turn.
i)SUSY breaking terms and open string fluxes
In Type IIB/F-theory in the large volume limit the Higgs fields will appear as
KK zero modes. Open string fluxes, like the Fa, FY mentioned above are in general
present in order to generate chirality and symmetry breaking. These fluxes may induce
also Higgs masses and SUSY-breaking terms as in eq.(4.3). We now review how such
mass terms may appear in Type II toroidal orientifolds as discussed in [30]. In this
reference a large class of non-SUSY Type IIA orientifolds with SM group and three
chiral generations is discussed in terms of D6-branes intersecting at angles. These
models may be converted into Type IIB orientifolds with D7-branes by the duality
that relates intersection angles θab between two branes a, b into magnetic fluxes at their
overlap, through the map θab = tan
−1(2πα′Fa) − tan−1(2πα′Fb). In these non-SUSY
models (see appendix A for a short review) the Higgs fields appear from the exchange
of open strings between an SU(2) stack of branes (b) and a brane (c) or its orientifold
mirror (c∗). The underlying torus is factorized as T2 × T2 × T2 and the branes (b)
and (c), (c∗) are separated in the second torus by a distance Z
(bc)
2 (Z
(bc)∗
2 ). This means
that the Higgs fields have a mass term proportional to this distance. In addition the
magnetic fluxes induce non-SUSY mass contributions. One gets a structure (in the
dilute flux limit) [30]
m2Hu = m
2
Hd
=
Z
(bc)
2
4π2α′
(4.7)
m23 = |(Fb − Fc)1 − (Fb − Fc)3| (4.8)
7In the F-theory context both closed and open string fluxes have a common origin as G4 fluxes.
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where F ib , F
i
c are fluxes from U(1)’s in the b, c branes going through the first and third
torus, see appendix A. Note that the first contributions correspond to a µ-term and
that it automatically implies eq.(4.5). This happens because one may understand Hu
and Hd as coming from the same N = 2 hypermultiplet before SUSY is broken by the
fluxes. On the other hand the size of m23 depends on the size and alignment of fluxes.
For (Fb − Fc)1 = (Fb − Fc)3 one recovers unbroken SUSY in the Higgs subsystem.
The SU(2)×U(1)Y D-term quartic selfcoupling is given by λ = (g21 + g22)/8 and, since
this is a dimension 4 operator, it remains the same for (Fb − Fc)1 6= (Fb − Fc)3. In
principle for fixed Zbc2 one can fine-tune the fluxes so that eq.(4.6) is met. Thus fine
tuning of fluxes (or distance Z
(bc)
2 ) yields a massless Higgs multiplet corresponding to
tanβ = 1.
Note that the open string flux misalignment corresponds to a D-term SUSY break-
ing. This means that by itself this can only give SUSY breaking scalar masses but no
gaugino masses (Higgssinos get SUSY masses for Zbc2 6= 0). Thus this class of SUSY
breaking should be supplemented by further sources if below MSS we want to get just
the content of the SM.
The above structure is generic and appears in any type II configuration where one
can construct D-brane sectors with an N = 2 hypermultiplet or a similar spectrum. In
type IIB models with intersecting D7-branes or in F-theory GUTs such sectors arise
quite naturally, since at the six-dimensional intersection of two 7-branes in flat space
lives a 6d N = 1 hypermultiplet that is equivalent to the 4d N = 2 hypermultiplet
of the construction above [31]. Hence, in order to reproduce the above structure for
the Higgs sector, one may consider the case where the Higgs matter curve ΣH yields a
non-chiral, N=2 subsector of the theory. As the presence of a net flux over a matter
curve induces a 4d chiral spectrum arising from it, the easier way to preserve the N=2
structure is to impose that the integral of any relevant flux vanishes over ΣH . Note
that in supersymmetric SU(5) F-theory models this option is usually not considered,
since in order to achieve doublet-triplet splitting a net hypercharge flux is required to
thread the Higgs curve(s). However, as mentioned above in the present scheme we are
not constrained by the amount of Higgs triplets at the scale Mc, and one may indeed
consider the case where
∫
ΣH
FY = 0.
In that case both Hu and Hd arise from the same curve ΣH , and one may easily
implement the mass structure (4.3). Just like for type IIA non-SUSY models, the
term m23HuH
∗
d + c.c. arises by inducing a non-vanishing D-term on this sector, which
in this case is induced by worldvolume fluxes on S which do not satisfy the condition
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F ∧J = 0, J being the Ka¨hler form on S. For instance, let ω be the complex coordinate
of S along ΣH and ω⊥ the one transverse to it. Then if the flux felt by the doublets
in ΣH is of the form F = M||dω ∧ dω¯ + M⊥dω⊥ ∧ dω¯⊥ the D-term condition reads
M|| +M⊥ = 0 [32,33]. Hence, the off-diagonal terms in (4.3) read m
2
3 =M|| +M⊥ and
arise whenever such vanishing D-term condition is not met.
Finally, the diagonal terms of the mass matrix (4.3) will correspond to a µ-term.
In a D7-brane setup dual to the toroidal models of appendix A this mass term appears
by simply switching on a continuous or discrete Wilson line along ΣH . However, as
mentioned before Wilson lines are typically not available in F-theory GUT models, and
so the µ-term cannot be generated by this mechanism. Instead, such supersymmetric
mass term can be induced by the presence of closed string fluxes (see below) or at the
non-perturbative level. Indeed, a µ-term may appear at the non-perturbative level from
string instanton effects [34] (see [17, 35] for reviews). Such µ-terms are automatically
symmetric under Hu−Hd exchange and hence respect the above structure. As we said,
stringy instanton effects are of order exp(2π/gs) and for gs ≃ 1/2 could give rise to
µ-terms of the appropriate order of magnitude 10−5Ms.
ii) SUSY breaking terms from closed string fluxes and modulus dominance
Mass terms for scalar fields may also appear in the presence of closed string fluxes.
Indeed this may be explicitly checked by plugging such backgrounds in the DBI+CS
action for 7-branes, see [25]. In fact it is known that SUSY breaking imaginary self-dual
(ISD) IIB 3-form fluxes correspond to giving a non-zero vacuum expectation value to
the auxiliary fields of Kahler moduli [36]. So in order to see the effect of closed string
fluxes we will work here with the effective action and plug non-vanishing vevs for these
auxiliary fields.
In particular, in the context of Type IIB/F-theory compactifications a prominent
role is played by the local Kahler modulus T which is coupling to the SU(5) stack
of 7-branes. In a general Type IIB/F-theory compactification this Kahler modulus is
the one among a number of such moduli which is relevant for the SUSY breaking soft
terms, which will appear when FT 6= 0. A good model for this structure is considering
the CY manifold P4[1,1,1,6,9] in ref. [37] with one small Kahler modulus T and one big
Kahler modulus Tb with Kahler potential
K = −2log(t3/2b − t3/2) . (4.9)
with t = 2ReT and tb = 2ReTb. Here one takes tb ≫ t and take both large so that the
supergravity approximation is still valid. In the F-theory context the analogue of these
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moduli t, tb would correspond to the size of the 4-fold S and the 6-fold B3 respectively.
For chiral matter fields living at F-theory matter curves one expects a behavior for the
Kahler metrics in the dilute flux limit [38]
K =
t1/2
tb
. (4.10)
On the other hand if the Higgs doublets Hu, Hd in matter curves are not chiral, they
behave like scalars in a N = 2 hypermultiplet, very much like in the previous case
of open string fluxes. Under these conditions one expects kinetic terms for the Higgs
multiplets of the form
t1/2
tb
|Hu +H∗d |2 . (4.11)
This type of Higgs kinetic terms proportional to |Hu + H∗d |2 have been discussed in
the past in the context of heterotic orbifold compactifications with N = 2 subsectors
in the untwisted spectrum and they display a shift symmetry under Hu → Hu +
c,Hd → Hd − c∗ [40, 41]. Heterotic Type I S-duality indicates that such structure
should also be present in Type IIB orientifolds. Recently Hebecker, Knochel and
Weigand [42] have proposed that this shift symmetry may be at the origin of the
tanβ = 1 boundary condition and studied its appearance also in Type II vacua. In our
context the assumption of T-modulus dominance SUSY breaking allows to explicitly
compute the relevant soft terms. Indeed applying standard supergavity formulae [43]
one obtains for the Higgs mass parameters
m2Hu = m
2
Hd
=
M2
2
; µ = −M
2
; m23 =
3
4
M2 (4.12)
so that
m2Hu + µ
2 = m2Hd + µ
2 = m23 =
3
4
M2 (4.13)
where M = FT /t is the gaugino mass, with FT the auxiliary field in the T chiral
multiplet. Now, unlike the open string flux case, the diagonal masses have both a SUSY
contribution and a SUSY-breaking contribution and there is automatically a massless
Higgs boson. We again obtain tan β = 1 at the unification scale, this time automatically
due to the mentioned shift symmetry. This value is however renormalized, as we point
out below.
As a general conclusion, we see that in string theory models in which the Higgs
sector corresponds to a N = 2 subsector with Hu, Hd sitting in a hypermultiplet (before
SUSY breaking), the condition m2Hu ≃ m2Hd is naturally obtained. In addition off-
diagonal m23 terms may be induced both by effects from open and closed string fluxes.
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Figure 4: Structure of scales and the running of the gauge and Higgs coupling constants
in this scheme.
Let us finally comment on possible generalizations of this minimal Higgs structure.
A first generalization is starting with nH sets of Higgs particles above MSS. In that
case minimal landscape fine-tuning will still prefer that only one combination of the
2nH Higgs scalars remains massless. Depending on how the original Higgs multiplets
coupled to the different families the resulting Yukawas could inherit an interesting
flavor structure. Another possible extension could be to dispose of R-parity in the
initial MSSM spectrum since L/B-violating dimension four operators are suppressed
due to the large mass of sfermions. In this case the Higgs Hd could mix with sleptons
Li. However in this case the approximate symmetry under the exchange of Hu and Hd
would typically be absent and the prediction tan β ≃ 1 would be in danger, so this
particular bilinear should be slightly supressed.
5 Higgs mass fine-tuning
We have seen how one may naturally obtain a massless Higgs with tanβ = 1 in string
theory and, in particular, also in the context of Type IIB constructions with mass
terms induced by open and closed string fluxes. In general one has to fine-tune the
parameter m23 with the Higgs masses m
2
Hu = m
2
Hd
. This may be done e.g. by partially
canceling the contributions to m23 from open and closed string fluxes.
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However the above results are subject to loop corrections which will force to a
redefinition of the fine-tuning. If the SUSY breaking scale is of order MSS ≃ 1011 GeV
the fine-tuning should be done to at least 4-loop order to cope with a hierarchy of
nine orders of magnitude down to the EW scale. Still the idea is that even after these
further fine-tuning corrections the Higgs scalar which remains light is approximately
the one corresponding to the combination Hu−H∗d , i.e. that approximately tanβ ≃ 1.
In fact, if we assume that tanβ(MSS) = 1 (as e.g. in eqs.(4.13)) before any loop
correction is included, we know that the running of the parameters in between the
scales Mc and MSS will renormalize tanβ. We expect that the large top quark Yukawa
coupling will make m2Hu < m
2
Hd
after loop corrections. We also expect to obtain one
massive Higgs eigenstate and a second one slightly tachyonic. This may be compensated
to get a massless Higgs boson at this level by tuning with an open or closed string flux
as explained in the previous section. Still, after this fine-tuning, the value of tanβ is no
longer 1 but is given by tanβ = |mHd(MSS)|/|mHu(MSS)|, as explained in the previous
section. In addition to this there will be higher order finite loop corrections which
are expected to yield smaller negligible contributions to tanβ. So a good estimation
of tanβ at the scale MSS should be given by taking into account the running of the
parameters in between Mc and MSS.
To compute the value of tanβ at MSS we have to consider the RGE for the MSSM
parameters in the region MSS −Mc. In the present case we know that with a single
Higgs field at the electroweak scale only the top-quark Yukawa coupling ht is relevant
in this equation. Fortunately, the one-loop RGE in the ht ≫ hb, hτ limit were solved
analytically in ref. [44] for the case of universal soft terms, i.e. as in the CMSSM model,
which should be more than enough to evaluate this renormalization effect. One has
tanβ(MSS) = |mHd(MSS)|/|mHu(MSS)| with
m2Hd(t) = m
2 + µ2q2(t) + M2g(t) (5.1)
m2Hu(t) = m
2(h(t)− k(t)A2) + µ2q2(t) + M2e(t) + AmMf(t) (5.2)
where m,M,A, µ are the standard universal CMSSM parameters at the unification
scale Mc, t = 2log(Mc/MSS) and q, g, h, k, e, f are known functions of the top Yukawa
coupling ht and the three SM gauge coupling constants. For completeness these func-
tions are provided in Appendix B. Note that in order to compute tanβ(MSS) we do
not need to know how m23 runs since its value is fixed by the fine-tuning condition
m43 = m
2
Hum
2
Hd
at MSS.
These functions involve integrals of coupling constants over the region MSS to
Mc. There is an explicit dependence on the universal soft terms m,M,A,B, µ which
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Figure 5: Renormalization of tanβ in the region MSS −Mc as a function of MSS for
three values of the top quark mass.
are all of order MSS but the results are quite insensitive to the precise values of those
parameters. For definiteness we have computed tanβ(MSS) for the boundary conditions
m2 = M2/2, A = −3M/2 = B, µ = −M/2, with M = MSS, corresponding to the
modulus dominance SUSY-breaking soft terms described around eq.(4.12), see e.g. [39].
In figure 5 we show the dependence of tanβ(MSS) as a function of MSS, where Mc
is taken as in section 3, from the gauge coupling unification condition. One observes
that for MSS in the range 10
8 − 1012 GeV tanβ is only slightly increased to a value
around tanβ ≃ 1.2− 1.4, depending on the value of the top-quark mass. In fact using
the above formulae one can expand in a power series of the square of the top Yukawa
coupling to find
tanβ(MSS) = 1.00 + h
2
t (Mc)× 0.58 + .... . (5.3)
It seems then that the tree level value of tanβ is only slightly deformed away from 1
after loop corrections. As we said, higher loop effects required to do a fully consistent
fine-tuning are not expected to spoil this conclusion. An analogous conclusion was
reached in [42] using different methods.8 One can trivially extend the calculation to
the case in which color triplets D,D remain below Mc with very similar results.
8These results remain unchanged in the case of a R-parity violating MSSM since the new B/L-
violating couplings will only appear in the Higgs mass running at two loops.
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A natural question is whether the Higgs mass terms discussed above scan in the
string landscape. These masses depend on the local value of string flux densities in
the region in the compact dimensions where the SM fields are localized. These local
densities are in general not quantized, it is their integrals over 3- and 2-cycles which
are quantized. As is well known in a generic compactification there may be of order a
hundred different quantized closed string fluxes which may be turned on. All of them
in general may contribute to the cosmological constant and could play a role in its
anthropic solution [45]. The required energy spacing for the c.c. constant is so minute
that at least some of these fluxes should e.g. be combined with anti-D3-branes on
CY-throats in order to be able to fine-tune the c.c. following the KKLT approach [46].
On the other hand only a selected number of fluxes affect the SM branes in the cycle
S. Again although these fluxes are quantized it is the density G3 at the location of
the 7-branes which is relevant. However varying the flux quanta one can also control
this local density. So, indeed, it seems plausible that the subset of the fluxes going
through S will scan in the string landscape. It would be interesting to materialize in
some detail this expectation.
6 Proton decay
As we already advanced with a unification scale as low as Mc = 3 × 1014 GeV there
is a danger of dimension 6 operators giving rise to proton decay rates much faster
than experiment. In standard field theory GUTs, the proton decay dim=6 operators
obtained after integrating out the massive X, Y doublet of gauge bosons are [28]
O1 =
4παG
2M2X,Y
U caLγ
µQaLE
c
bLγµQbL (6.1)
O2 =
4παG
2M2X,Y
U caLγ
µQaLDcbLγµLbL . (6.2)
The first operator arises from the exchange of the heavy gauge bosons with masses
MX,Y between two 10-plets whereas the second from the exchange between a 10-plet
and a 5-plet. Experimentally, the Super-Kamiokande limit on the chanel p → π0e+
gives an absolute lower limit τp > 5× 1033 years [47]. This corresponds to a bound on
MX,Y
MX,Y ≥
√
αG
1/39
1.6× 1015 GeV (6.3)
A value MX,Y =Mc = 3× 1014 GeV is 5 times smaller and that could pose a problem.
In F-theory GUTs the same proton decay operators as above will appear, the difference
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now being that the symmetry is broken due to a hypercharge flux. Due to this fact the
coefficients of the operators may change substantially, as we now discuss.
Indeed, considering proton decay in the context of F-theory SU(5) unification pro-
vides a new interesting mechanism to suppress proton decay. A microscopic compu-
tation of the above dimension 6 proton decay operator would involve first computing
couplings of the form e.g. U caLXµQaL and then integrating out the massive doublet
X, Y . The computation of such trilinear couplings is rather similar to the computa-
tion of Yukawa couplings, in the sense that it also involves a triple overlap of internal
wavefunctions, namely
Γij1 = 2m∗
∫
S
(Ψi10)
†Ψj10ΦX,Y Γ
ij
2 = 2m∗
∫
S
(Ψi5¯)
†Ψj5¯ΦX,Y (6.4)
where now ΦX,Y are the internal wavefunctions of the broken SU(5) bosonsX, Y . These
form a doublet of massive gauge bosons with quantum numbers (3, 2, 5/6) + c.c..
In standard 4d GUTs, the value of such couplings does not depend on the vev of the
Higgs in the 24 of SU(5), and so it is exactly the same before and after SU(5) breaking
(to leading order). Hence, one may extract the trilinear couplings like U caLXµQaL
directly from the SU(5) Lagrangian as the strength by which SU(5) gauge bosons
couple to chiral matter, namely (4παG)
1/2.
Now, the key point for proton decay suppression in F-theory is the fact that the
ingredient that triggers SU(5) breaking is not a vev for a scalar in the adjoint of SU(5),
but the presence of the hypercharge flux FY along the GUT 4-cycle S. The mass of
the X, Y gauge bosons is given by
M2X,Y =
5µ
6π
(6.5)
where µ =
√
N2Y + N˜
2
Y measures the density of hypercharge flux (see appendix C),
which we take constant for simplicity. The flux quantization condition implies that
5/3(FY /2π) is quantized in S (i.e., its integral over 2-cycles of S is an integer), so
that NY , N˜Y ≈ 6π/5Vol−1/2S and indeed MX,Y ≃ Mc ≃ Vol−1/4. Finding the wave-
functions in (6.4) involves solving a Dirac or Laplace equation for them, in which any
flux threading S will enter. We then have that both the wavefunctions for chiral fields
and massive gauge bosons X , Y depend on the internal fluxes on S, and in particular
on the hypercharge flux FY . As a result, adding an hypercharge flux will necessarily
change the value of the effective 4d couplings (6.4): while in the absence of FY such
couplings must be ∝ α1/2G in its presence they will have a new value.
To show that this new value will be suppressed with respect to α
1/2
G we need some
machinery from wavefunction computation in F-theory GUT models. Here we will try
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to be schematic, referring the reader to appendix C and to [48] (see also [32,33,49–51])
for more details on the subject. In F-theory SU(5) models there are basically two kinds
of wavefunctions: the ones that are peaked at the matter curves of S, namely Ψi10, Ψ
j
5¯
and ΦHU,D , and the ones that are spread all over the 4-cycle S, namely the SU(5) gauge
bosons and in particular ΦX,Y . As they come from different sectors of the theory, these
two kinds of wavefunctions feel the effect of the hypercharge flux in a different way.
Indeed, let us consider the wavefunctions involved in the coupling Γ1 in (6.4). Solv-
ing for them in a local patch of S and assuming that the 4-cycle S is sufficiently large
(see appendix C and [48] for more details) we have that
Ψi10 =

 0
~v

 ψi10, ψi10 = γi10m4−i∗ x3−i e− |Mx+qY N˜Y |2 |x|2e−m2|y|2−qSRe(xy¯) (6.6)
ΦX,Y = γX,Y m∗ e
− 5
12
µ(|x|2+|y|2) (6.7)
where (x, y) stand for local complex coordinates of the 4-cycle S, and we have assumed
that matter curve supporting the chiral fields 10 is given by Σ10 = {y = 0}. The hy-
percharge dependence of the wavefunction Ψ10 is encoded in the hypercharge value qY
and in qS = NF + qYNY , so that for a non-vanishing FY particles with different hyper-
charge have different wavefunctions. Here Mx, N˜Y , NY and NF stand for densities of
fluxes threading the 4-cycle S, and in particular Mx is the density of the flux necessary
to have three families of 10’s along Σ10. The parameter m
2 stands for the slope of the
intersection between the SU(5) 4-cycle S and the U(1) 7-brane intersecting S in Σ10.
Such intersection scale is typically of the order of the fundamental scale of F-theory
m∗ (≃Ms in a perturbative IIB orientifold), which implies that Ψi10 are highly peaked
along the matter curve Σ10 = {y = 0}. Finally, ~v is a three-dimensional vector that
depends on m2 and the flux densities, and the γ’s are normalization factors that insure
that such fields are canonically normalized.
Both ~v and the quantities that appear in the exponential factor of ψi10 are family
independent: the only dependence of the family index i corresponding to the power
of x (the matter curve Σ10 coordinate) that appears in the wavefunction. It has been
found [32, 33, 49, 50] that with this prescription (that assigns the power x2 to the first
family, etc.) one can reproduce the mass hierarchy between families observed in nature.
Notice that the fact that Mx, N˜Y and m
2 are non-zero gives a gaussian profile to
these wavefuctions, and this allows to carry the integral for Γ1 by replacing S with IR
4.
This is important since otherwise we would need geometrical information about the
full manifold B3, which is in general not available. Notice also that the wavefunction
for the boson X, Y is only affected by the hypercharge flux density µ, and that in the
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limit µ → 0 we recover a constant wavefunction. This is to be expected, since at this
limit the SU(5) symmetry is restored and X, Y become massless gauge bosons, which
always have a constant profile.
Given these facts we are now ready to compute the coupling Γ1 above. First notice
that in the limit µ → 0 the integral is trivial in the sense that ΦX,Y = γX,Ym∗ is
constant, since
2m∗
∫
S
(Ψi10)
†Ψj10ΦX,Y = 2γX,Ym
2
∗
∫
S
(Ψi10)
†Ψj10 ≈ α1/2G δij (6.8)
where used that for µ = 0, the normalization factor is simply γX,Y = Vol
−1/2
S m
−2
∗ ≈
α
1/2
G . Hence in this limit we recover the result expected from SU(5) gauge invariance.
This result is no longer true when µ 6= 0 and so the wavefunction ΦX,Y has a
non-trivial profile. Then one finds that there is a suppression in the above coupling
which is family dependent, and bigger for lower families. Indeed, to get an estimate of
this coupling it is useful to take the approximation m2 ∼ m2∗ ≫ Mx, µ and treat the
Gaussian profile exp(−m2|y|2) as a δ-function in the coordinate y, which is nothing
but asking that the matter wavefunctions Ψi10 are fully localized in Σ10. That is, we
take the limit m2 →∞ in which
(ψi10)
∗ψj10 → γi10γj10m8−i−j∗ x¯3−ix3−j e−|Mx+q¯Y N˜Y ||x|
2 π
m2
δ(y) (6.9)
and so the integral must be basically taken over Σ10. Here q¯Y = (qYp + qYq)/2 is the
mean value of hypercharge for the two particles of the 10-plot participating in the
amplitude. Taking into account that in this limit the normalization factors are [48]
γi10 =
1√
2(3− i)π
( |Mx + qY N˜Y |
m2∗
) 4−i
2
γX,Y =
1√
2π
5µ
6m2∗
(6.10)
we obtain that
2m∗
∫
S
(Ψi10)
†Ψj10ΦX,Y = δ
ij 5µ
6
√
2πm2∗
( |Mx + qYpN˜Y |1/2|Mx + qYqN˜Y |1/2
|Mx + q¯Y N˜Y |+ 512µ
)4−i
≈ δijα1/2G
( |σ2 + ( 5
12
N˜Y )
2|1/2
σ + 5
12
µ
)4−i
(6.11)
where we have defined σ = |Mx+q¯Y N˜Y | and used |qYp−qYq | = 5/6 and µ ≈ 6π/5Vol−1/2S .
This result is reproduced in appendix C without taking the δ-function approximation.
Since µ > N˜Y , the coupling (6.11) is indeed suppressed with respect to the 4d GUT
result α
1/2
G , and that the suppression is bigger the lighter the family. Since we are
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interested in proton decay operators one could in principle focus on the first family
i = 1, in which by assuming Mx ≈ NY 5/12 ≈ N˜Y 5/12 we already obtain a suppression
factor of around 1/5, and much bigger if NY > N˜Y . In fact, being more rigorous, we
would really need to take into account the fact that the actual physical first generation
wave functions will be proportional to a linear combination of the x2, x, 1 monomials.
Even if this extra terms are present, one expects the first generation to be dominated
by the x2 monomial with a small contamination (related to mixing angles) from the
other two.9 In any event, the presence of a suppression will be generic.
The fact that the suppression factor is bigger for each family can be given an
intuitive understanding, since in F-theory families with smaller Yukawa couplings are
those that have a higher polynomial degree xn in their wavefunction (see eq.(6.6)).
Such higher power gives a compensating effect to the localization that arises from the
family independent exponential factor exp(−a|x|2), that tends to localize the triple
overlap around x = 0. The lighter the family the bigger the compensating effect, thus
the smaller the coupling.
This understanding of the coupling strength in terms of exponential factors gives yet
another mechanism for suppressing the dimension six proton decay operators. Indeed,
notice that in (6.7) we have described the wavefunction for the massive X, Y bosons
in terms of a Gaussian function on S peaked at x = y = 0. However, that the
wavefunction ΦX,Y peaks there is in fact a choice that we have made biased by the local
patch description of our F-theory model setup. Unlike for the wavefunctions Ψj10, whose
equations of motion force them to be localized at the matter curve Σ10 = {y = 0},
there is nothing special about y = 0 for the wavefunctions of the gauge bosons X, Y
which only depends on the hypercharge flux FY and on the geometry of the 4-cycle S.
Only these two factors will determine where the peak of the wavefunction ΦX,Y is, so
there is a priory no reason to think that it will be peaked at any matter curve. Now,
if the wavefunction ΦX,Y is not peaked at y = 0 but somewhere else the δ-function in
(6.9) will yield an extra suppression upon integration on the complex coordinate y, as
the wavefunction density for ΦX,Y will be exponentially suppressed away from its peak.
To summarize, F-theory SU(5) models have naturally suppressed dimension 6 pro-
ton decay operators, because the mechanism that breaks the SU(5) symmetry - the
hypercharge flux FY - also affects the couplings where these operators come from.
Indeed, the presence of the hypercharge flux deforms the wavefunction profile for the
fields 10, 5¯ and X, Y , as illustrated in figure 6. In particular it affects the X, Y bosons,
9We thank P. Ca´mara for discussions on these points.
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Figure 6: Coupling of SU(5) off-diagonal gauge bosons X, Y . Before symmetry break-
ing by hypercharge fluxes the wave function of X, Y is extended over the whole 4-cycle
S. After the hypercharge flux FY in introduced their wavefunction is localized and
their coupling to 10, 5¯ fields is supressed.
which instead of being massless gauge bosons extended evenly over the whole 4-cycle
S, are due to FY massive modes peaked at some point of it. Such localization effect
indeed changes the value of the couplings (6.4) as we have shown above in a simplified
computation reproduced in more detail in Appendix C. Moreover, for the sake of sim-
plicity we assumed above that the peak of the X, Y wavefunction lied on top of the
matter curve Σ10 where the 10-plet resides. There is no reason for this assumption to
hold in a global description of our setup, so the X, Y wavefunction will in general be
suppressed in the region of Σ10 and there will be a further suppression to the coupling
of X, Y to quarks-leptons. It is easy to see that any of these suppression mechanisms
allow to have a rate for proton decay consistent with experimental limits. Note however
that the precise value of the coefficient of the operators depends on the details (i.e.
local fluxes) of the model. Still these results allow for the possible detection of proton
decay through e.g. the channel p → π0e+, typical of non-SUSY unification, in future
proton decay experiments.
If Higgs triplets D,D with a mass MD ≃MSS ≃ 1011 GeV are present in the spec-
trum, there will appear additional contributions to proton decay close to the present
experimental limits [28]. They would come from the exchange of the scalar fields D˜, D˜
among quarks and leptons of the first and second generations from Yukawa couplings,
with p → µ+K0 the dominant channel. In field theory GUTs these Yukawa couplings
are directly related to the Yukawa couplings of the Higgs doublets due to the SU(5)
symmetry. In our case however the relevant D-field Yukawas are different to those
of the Higgs, again due to the presence of the hypercharge flux [48]. One still ex-
pects those Yukawas to be of the same order of magnitude, i.e. of order 10−5 for the
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first generation. The combination of a massive D-field with the smallness of Yukawa
couplings make these extra dimension 6 contributions compatible with experimental
bounds, given the uncertainties.
Note in closing that dimension 5 proton decay operators are very much suppressed
in the present framework due to the large mass of the SUSY partners. Additional
sources of proton decay could appear if the underlying MSSM contains dimension 4
R-parity violating couplings. These could give rise to new dimension 6 operators by
the exchange of sfermions but the rate will be again suppressed by the large mass of
the SUSY partners combined with the expected smallness of the R-parity violating
couplings involving the first generations.
7 Other consequences
7.1 Axions
The strong CP problem is a naturality problem with no obvious anthropic solution. In
this sense it is quite satisfactory that string theory has natural candidates for the axion
solution of the strong CP problem. As shown in eq.(3.1) the imaginary part of the local
Ka¨hler modulus Im T has axionic couplings to the QCD gauge bosons, and hence is in
principle an axion candidate which could solve the strong CP problem 10. In the Type
IIB/F-theory scheme under discussion it is an important point the decoupling of the
local GUT physics sitting on the local S 4-cycle from the global physics of the full six
extra dimensions. In particular it is the local Kahler modulus T which couples to the
SU(5) gauge bosons as shown in eq.(3.1). One can compute the associated axion scale
Fa from the kinetic term of the modulus T (see e.g. [17])
F 2a =
M2p
4π(8π2)2
∂K(T, T ∗)
∂T∂T ∗
=
M2p
4π(8π2)2
3t−1/2
8t
3/2
b
(7.1)
where in the last equality we have used eq.(4.9), which correctly features the decoupling
of the local SU(5) physics from the global properties of the compact manifold. For the
local modulus one has t = 1/αG and
tb =
V
2/3
6
gsα′2(2π)4
=
α′1/2g1/4s√
8
Mp (7.2)
10The τ complex dilaton scalar has also axionic couplings but Imτ gets generically massive in the
presence of closed string fluxes.
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where in the last equality we have used eq.(2.1). Using eq.(2.3) one finally obtains
Fa =
(
18
π2
)1/4 Mc
16π2
. (7.3)
Note that the axion decay constant is directly related to the compactification scale (or
the string scale via eq.(2.3)) and hence may be naturally low. This is to be contrasted
to the heterotic model-independent axion ImS whose axionic coupling is directly tied to
the Planck scale through F heta = αGMp/(8π
3/2) ≃ 1016 GeV (see e.g. [17] and references
therein). In our case, for the preferred value Mc = 3× 1014 GeV one obtains
Fa ≃ 2× 1012 GeV . (7.4)
This is an interesting value since Fa it is in the allowed QCD invisible axion range. It
is at the upper limit of the allowed window, which is in fact required for the axion to
be a viable dark matter candidate. This is also fortunate because in this scheme there
are no light neutralinos as in the MSSM or split SUSY which could play the role of
dark matter.
The mass of the axion is given through standard formulae by (see. e.g. [52])
ma =
z1/2
(1 + z)
fpimpi
Fa
=
0.6× 103 µeV
Fa/(1010GeV )
(7.5)
where we have taken z = mu/md = 0.56. For the Fa value in (7.4) one gets an axion
mass
ma ≃ 2.7 µeV . (7.6)
Due to the underlying SU(5) symmetry the coupling of the axion to photons is directly
related to Fa by a factor sin
2θW = 3/8 (this is analogous to the DFSZ axion case [53]).
In particular, defining the (normalized) axion-photon coupling as
Gaγγ
4
a F γ ∧ F γ (7.7)
one obtains
Gaγγ =
αem
2πFa
(
8
3
− 2
3
(4 + z)
(1 + z)
) ≃ 0.38× 10−15(GeV )−1 . (7.8)
These values are not far from the limits obtained from searches with the microwave
cavity experiment ADMX for cosmic axion dark matter [54]. They obtain
|Gaγγ |
ma/µeV
< 5.7× 10−16(GeV )−1
√
0.45 GeV/cm3
ρDM
(7.9)
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for ma in a range ma = 1.9− 3.55 µeV. Here ρDM is the local dark matter density. In
our case we have |Gaγγ |/(ma/µeV ) ≃ 1.4× 10−16 (GeV−1). The upgrading of ADMX
should be able to test the axion parameters of the present scheme 11. This would be
an important test of these ideas.
Let us finally comment that a possible problem for the axion in the local modulus
T to become a QCD axion is moduli fixing. Indeed one may wonder whether the
dynamics fixing the moduli could also give a large mass to Im T . However this is not
necessarily the case see e.g. [56–58].
7.2 Cosmology
The main new ingredient in this ISSB scheme is the large SUSY breaking scale MSS ≃
5 × 1010 GeV and relatively low string scale Ms ≃ 6 × 1014 GeV. It is a true fact
that having low-energy SUSY leads to a number of problems which are automatically
solved with such large SUSY scale. In particular there is no moduli, gravitino nor
Polony problem.
Another problem which is solved is the one first pointed out in [59]. This problem
appears in string moduli fixing models like KKLT and other extensions in which a su-
pergravity scalar potential combined with other SUSY breaking effects (like antibranes)
fix the moduli. Including the inflaton within such schemes leads to the conclusion that
the Hubble scale at inflation HI must verify HI < m3/2 in order for moduli fixing not
to be destroyed. In a low scale SUSY model with m3/2 < 1 TeV that poses a problem.
In our case however with m3/2 ≃ 5 × 1010 GeV the problem disappears and inflation
and KKLT type of moduli fixing are easily compatible. From this point of view one
could argue that inflation in models with KKLT-type moduli fixing suggests a SUSY
scale MSS > 10
10 GeV.
7.3 Neutrino masses
Singlets playing the role of right-handed neutrinos may appear in F-theory GUT
schemes. A natural source of masses for right-handed neutrinos in this framework
is string instantons see ref. [34,35]. In our case the instanton suppression is typically of
order exp(−2π/gs) which for gs = 0.28 may be of order 10−10. Thus one can generate
right-handed neutrino masses of order e−2pi/gs ×Ms ≃ 10−10Ms ≃ ×104 GeV for
gs = 0.28 and Ms ≃ 1014 GeV, as suggested by the size of gauge threshold corrections.
11See ref. [55] and references therein for recent ideas of about axions in the context of fine-tuning.
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This would require small Dirac neutrino masses to be compatible with experiment. On
the other hand if the theory above MSS is an R-parity violating version of the MSSM,
there may be additional sources of neutrino masses. In particular if there are R-parity
violating terms of the formMSS(LiHu) the leptons remaining at low-energies mix with
the Higgsinos. After the Higgs gets a vev this induces see-saw Majorana neutrino
masses of order M2W/MSS which may also be consistent with the observed neutrino
masses.
8 High Scale SUSY versus Split SUSY
In previous sections we have concentrated in the ISSB case in which the theory below
the SUSY breaking scale MSS is just the SM. A different alternative in the literature
is that of Split-SUSY [5] in which one assumes that below MSS there is the SM plus in
addition the gauginos and Higgsinos. The latter then get SUSY-breaking masses in a
region close to the EW scale. One can also repeat the analysis in this case. Concerning
gauge coupling unification, we just have to replace the β-function coefficients of the
SM by (bsp1 , b
sp
2 , b
sp
3 ) = (45/6,−7/6,−5). One then finds from eq.(3.7)
12 log
MSS
MEW
+ 12 log
Mc
MSS
= 2π
(
1
α1(MEW )
− 1
α2(MEW )
− 2
3α3(MEW )
)
, (8.1)
i.e., the dependence on MSS cancels out. This means one can always choose threshold
effects (i.e. value of gs) such that one-loop unification occurs. One finds the unification
scale is fixed atMc ≃ 3×1016 GeV, for anyMSS (see fig.7). One also obtains gs = 1−5
as one goes from MSS = 10
14 GeV to MSS = 1 TeV. This means that the threshold
corrections are in general small, as expected from the fact that the unification of the
MSSM and Split-SUSY work numerically in quite a similar way.
As found e.g. in [9] if the Higgs mass is in the range 124 − 126 GeV, the value
of MSS for Split-SUSY is in the region 10
7 − 104 GeV as one goes from tanβ = 1
to tanβ = 50. The renormalization of tanβ above MSS works exactly as in section
5. Repeating the analysis we find that tanβ remains close to one for energies above
107 GeV. Below those energies the loop corrections become increasingly important and
tanβ grows sharply close to 100 TeV. Although a detailed analysis would be required,
we expect that a Higgs mass in the range 124-126 GeV will be compatible with the
boundary condition eq.(4.2) for MSS ≃ 100 TeV. Thus, if the present Higgs hints are
confirmed, Split-SUSY would be equivalent for all practical purposes to a fine-tuned
MSSM with the scalar sparticles heavier than the SUSY fermions.
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Figure 7: Unification and SUSY breaking scales in Split-SUSY versus the Higgs mass.
Flux SUSY breaking naturally prefersMSS ≃ 1014 GeV, corresponding to a Higgs mass
around 140 GeV.
Note that , unlike the case of High Scale SUSY, such low values for MSS are not
generic if SUSY-breaking is induced by closed string fluxes which yield in our case
from eq.(2.5) MSS ≃ 1014 GeV (see fig.7). With such high value of MSS one expects
from [9] a Higgs mass around 140 GeV. So in order to be in agreement with a Higgs
mass in the region 124-126 GeV the SUSY breaking flux effects should be substantially
diluted. In this respect Split-SUSY is not worse than the MSSM which also requires
flux suppression to get soft terms of order MSS ≃ 1 TeV. Concerning the axion decay
constant, since in this case Mc ≃ 1016 GeV one obtains a high value Fa ≃ 1014 difficult
to reconcile with cosmological limits. On the other hand the theory is automatically
safe against too fast proton decay through dimension 6 operators due to the large value
of the unification scaleMc and Higgsinos/Neutralinos may provide for the dark matter.
A summary of the scales in Split-SUSY is shown in fig. 7.
A relevant question is whether one can obtain a Split-SUSY type of spectrum below
MSS in string compactifications. We need a first stage of SUSY-breaking in which only
the scalars (but the SM Higgs) get a mass of order MSS. One simple way to get such
masses is through open string fluxes [60], very much as in the example in appendix A.
A second stage of SUSY-breaking, perhaps from (suppressed) closed string fluxes could
give rise to gaugino and Higgsino masses close to 1 TeV.
As a summary, High scale SUSY breaking [6] with MSS ≃ 1011 GeV looks like more
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natural in the sense that this value ofMSS is consistent both with the Higgs mass hints
and a generic value of SUSY-breaking effects from fluxes. Furthermore it is simpler
in that only one-step of SUSY breaking is needed 12. If the Higgs hints are correct,
Split-SUSY becomes really a fine-tuned version of the MSSM.
9 Final conclusions and outlook
The LHC results are already giving us substantial information on the physics at the
electro-weak scale. No new physics has been observed as yet and, in particular, SUSY
colored particles remain elusive. As the energy and luminosity is increased the experi-
mental constraints imply quite strong conditions on the MSSM parameters which need
to be fine-tuned at the per-mil level. If the hints of a Higgs mass around 125 GeV are
confirmed this fine-tuning will be strengthened. Such a Higgs mass is a bit too heavy
for the MSSM and a bit too low for the SM high energy stability.
In view that some level of fine-tuning is required a natural question is whether
after all one should accept a fine-tuning explanation for the hierarchy problem. One
could argue that the size of the EW scale could be selected on anthropic grounds, in
analogy to Weinberg’s anthropic arguments about the cosmological constant [45]. It is
certainly premature to give up on the SUSY solution of the hierarchy problem but it
makes sense to explore what the alternatives are.
While the fine-tuning idea is worth exploring, it does not imply to give up the
supersymmetry idea at some level. We know that supersymmetry is a basic ingredient
in string theory and, even if it does not survive at the EW scale, it could have some
role at higher energies. In particular in string compactifications non-SUSY theories
have generically tachyons in their spectrum and are hence unstable. So it makes sense
to investigate whether the theory becomes supersymmetric above some scale MSS in
between MEW and the string scale Ms. Guided by the apparent unification of coupling
constants we would also like to know whether this could be combined with some form
of unification like SU(5).
12Note also that in Split-SUSY with a scale MSS ≃ 105 − 107 GeV, within a SU(5) scheme one
needs to have some doublet-triplet splitting mechanism. Furthermore some discrete symmetry like
R-parity should also exist to forbid fast proton decay, unless the R-parity violating couplings are
extremely suppressed. On the other hand in High Scale SUSY with MSS ≃ 1011 GeV the existence
of doublet-triplet splitting or R-parity conservation are not necessary. This is particularly relevant
since getting SU(5) vacua with doublet-triplet splitting and R-parity conservation turns out to be
non-trivial in string compactifications.
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In this paper we address this issue within the context of string theory. In particular
we study the possible structure of mass scales in F-theory unified schemes in which
a version of SU(5) unification is possible. We find that there are several pieces of
information pointing to a SUSY structure above an intermediate scale MSS ≃ 5× 1010
GeV and a unification scale Mc ≃ 3 × 1014 GeV. F-theory SU(5) unification differs
from field theory unification in some important aspects. The breaking of SU(5) to the
SM via hypercharge fluxes generates very specific corrections to the gauge couplings.
Combining these corrections with the idea of closed string flux SUSY breaking fixes the
scale of SUSY breaking at that intermediate scale. Interestingly, the extrapolation up
in energies of the SM Higgs self-coupling λ seems to vanish also around that scale, giving
additional evidence. This is also consistent with the MSSM-like boundary conditions
λ = 1
8
(g21+ g
2
2)cos
22β if tanβ ≃ 1 at MSS. We have shown how such value for tanβ = 1
is expected in known sources of SUSY breaking in string theory and is also stable under
loop corrections. An additional support for an ISSB structure of scales is obtained from
the existence of a natural axion candidate with a decay constant Fa ≃ Mc/(4π)2 ≃
2 × 1012 GeV, which could solve the strong CP problem and constitute the observed
dark matter.
The unification scale Mc ≃ 3× 1014 GeV is relatively low and in field theory SU(5)
would be ruled due to too fast proton decay via dimension 6 operators. We have
shown however that in the context of F-theory SU(5) there is an effect due to the
fact that SU(5) is broken by hypercharge fluxes, not a Higgs mechanism. In this case
the hypercharge fluxes modify the profile wave functions of matter and X, Y fields
suppressing the couplings which could mediate fast proton decay. If the suppression
is not excessive, proton decay e.g. through the standard non-SUSY channel p →
π0e+ could be measured in future experiments. In the present context doublet-triplet
splitting is not unavoidable, the Higgs triplets may remain massless below Mc and get
masses of order MSS ≃ 1011 GeV. They can give additional contributions to proton
decay with a dominant p→ µ+K0 channel.
If this ISSB framework is correct, no new particles beyond those of the SM and
the Higgs particle would be uncovered at the LHC. On the other hand, since the value
of MSS within this scheme is fixed by gauge coupling unification + closed string flux
breaking, one may consider the vanishing of the Higgs self-coupling atMSS ≃ 1011 GeV
as a prediction of this framework. At present the uncertainties on the Higgs and top
quark masses do not allow for a definite conclusion. On the other hand more precise
measurements of these quantities could confirm or exclude these ideas. Since in the
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present scheme dark matter is provided by axions, no WIMP’s are required at the EW
scale, but microwave cavity experiments like the upgraded AMDX experiment, could
detect axions in the range here predicted. The observation of proton decay could also
provide additional support for this scheme.
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A Non SUSY SM Type II orientifolds with open
string fluxes
One of the simplest constructions in string theory yielding a SM group with three quark
lepton generations is that of toroidal Type IIA orientifolds. In these constructions (see
e.g.( [17,61]) and references therein) the SM particle are localized at the intersections of
D6-branes. In the simplest schemes one has 3+2+1+1 sets of D6-branes corresponding
to a gauge group U(3)×U(2)×U(1)×U(1). The extra U(1)’s beyond hypercharge get
massive through a Green-Schwarz mechanism and one is left with the gauge group of the
standard model. The worldvolume of D6-branes is 4+3 dimensional with the three extra
dimensions being wrapped as 1-cycles in each of the three tori in the T 2×T 2×T 2 extra
dimensions. The number of times the D6-brane wraps the (xi, yi), i = 1, 2, 3 cycles in
each of the three tori is parametrized by integer numbers (n1, m1)×(n2, m2)×(n3, m3).
Chiral fermions and scalars appear at the brane intersections and the multiplicity of
generations appear because D6-branes intersect typically a multiple number of times.
The number of intersections between two branes a and b is given by the topological
invariant
Iab = (n
a
1m
b
1 −ma1nb1)(na2mb2 −ma2nb2)(na3mb3 −ma3nb3) (A.1)
The intersection angle between two branes a, b in the i-th torus is given by tan−1(maiUi/n
a
i )−
tan−1(mbiUi/n
b
i), where Ui = R
y
i /R
x
i are the three complex structure parameters of the
tori. One can easily find choices of brane wrapping numbers such that the obtained
chiral fermions correspond to those of the SM with three generations, see [30]. In
particular there is a large family of 3-generation models of this class which may be
obtained from the wrapping numbers in table 1. Here Ni give the number of parallel
branes giving rise to a gauge group U(Ni). Along with each stack of branes there
should be additional mirror D6-branes in order for the brane configuration to be in-
variant under the orientifold operation. Those mirror branes are obtained by flipping
the sign of the m component of the wrapping numbers and are not displayed in the
table. The general solutions are parametrized by a phase ǫ = ±1, the NS background
on the first two tori βi = 1 − bi = 1, 1/2, four integers n2a, n1b , n1c , n2d and a parameter
ρ = 1, 1/3. The reader may check that e.g. there are three right-handed leptons at the
intersection of branes c and d, i.e., Icd = 3 from equation (A.1). We are interested here
in the Higgs sector. The Higgs doublets appear from open strings exchanged between
the b and c branes (or the mirror brane c∗). As one can see in table 1 the U(2) branes
(b, b∗) are parallel to the (c, c∗) branes along the second torus and hence they do not
intersect. However there are open strings which stretch in between both sets of branes
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Ni (n
1
i ,m
1
i ) (n
2
i ,m
2
i ) (n
3
i ,m
3
i )
Na = 3 (1/β
1, 0) (n2a, ǫβ
2) (1/ρ, 1/2)
Nb = 2 (n
1
b
,−ǫβ1) (1/β2, 0) (1, 3ρ/2)
Nc = 1 (n
1
c , 3ρǫβ
1) (1/β2, 0) (0, 1)
Nd = 1 (1/β
1, 0) (n2
d
,−β2ǫ/ρ) (1, 3ρ/2)
Table 1: D6-brane wrapping numbers giving rise to a SM spectrum.
and which lead to light scalars when the distance Z2 in the second torus is small. In
particular there are Higgs doublets hu, hd from (bc) intersections and Hu, Hd from (bc
∗)
intersections, although for some choices of wrapping numbers only the h’s or the H ’s
survive. In particular there are the scalar states
State Mass
2
(−1 + ϑ1, 0, ϑ3, 0) α′(Mass)2 = Z24pi2 + 12(ϑ3 − ϑ1)
(ϑ1, 0,−1 + ϑ3, 0) α′(Mass)2 = Z24pi2 + 12(ϑ1 − ϑ3)
(A.2)
where Z2 is the distance
2 (in α′ units) in transverse space along the second torus. ϑ1
and ϑ3 are the relative angles between the b and c (or b and c
∗) in the first and third
complex planes. The states are defined above as vectors in the SO(8) light-cone target
space of Type IIA string theory [17]. There are fermionic states also of the form
State Mass
2
(−1/2 + ϑ1,∓1/2,−1/2 + ϑ3,±1/2) (Mass)2 = Z24pi2α′ (A.3)
This Higgs system may be understood as massive N = 2 Hypermultiplets containing
respectively the hi and/or Hi scalars along with the above fermions. The above scalar
spectrum corresponds to the following mass terms in the effective potential:
V2 = m
2
H(|H1|2 + |H2|2) + m2h(|h1|2 + |h2|2) +
+ m23HH1H2 + h.c. + m
2
3hh1h2 + h.c. (A.4)
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where:
mh
2 =
Z
(bc)
2
4π2α′
; mH
2 =
Z
(bc∗)
2
4π2α′
m23h =
1
2α′
|ϑ(bc)1 − ϑ(bc)3 | ; m23H =
1
2α′
|ϑ(bc∗)1 − ϑ(bc
∗)
3 | (A.5)
Notice that each of the two Higgs systems have a quadratic potential similar to that of
the MSSM. In fact one also expects the quartic potential to be identical to that of the
MSSM. In our case the mass parameters of the potential have an interesting geometrical
interpretation in terms of the brane distances and intersection angles. In the main text
we consider for simplicity the presence of just one set h of Higgs multiplets. This may
be achieved by appropriate choice of the wrapping numbers.
B RGE solutions
Here we display the definition of the functions appearing in the solution of the RGE
in ref. [44]. We define
E(t) = (1 + β3t)
16/(3b3)(1 + β2t)
3/(b2)(1 + β1t)
13/(9b1) , F (t) =
∫ t
0
E(t′)dt′ (B.1)
with βi = αi(0)bi/(4π) and t = 2 log(Mc/MSS). Here we have (b1, b2, b3) = (11, 1,−3).
We also define Yt = h
2
t/(4π)
2 with Y0 = Yt(0) and α0 = αi(0) = α(0) for i = 2, 3,
α1(0) = (3/5)α(0). Here α0 is the unified coupling at Mc. In our case the couplings do
not strictly unify, only up to 5% corrections. In the numerical computations we take
the average value of the three couplings at Mc, which is enough for our purposes. We
then define the functions in eqs.(5.1,5.2)
q(t)2 =
1
(1 + 6Y0F (t))1/2
(1 + β2t)
3/b2(1 + β1t)
1/b1 ; h(t) =
1
2
(3/D(t)− 1)
k(t) =
3Y0F (t)
D(t)2
; f(t) = −6Y0H3(t)
D(t)2
; D(t) = (1 + 6Y0F (t)) (B.2)
e(t) =
3
2
(
(G1(t) + Y0G2(t))
D(t)
+
(H2(t) + 6Y0H4(t))
2
3D(t)2
+ H8
)
(B.3)
and the functions g,H2, H3, H4, G1, G2 and H8 are independent of the top Yukawa
coupling, only depend on the gauge coupling constants and are given by
g(t) =
3
2
α2(0)
4π
f2(t) +
1
2
α1(0)
4π
f1(t)
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H2(t) =
α0
4π
(
16
3
h3(t) + 3h2(t) +
13
15
h1(t)
)
H3(t) = tE(t) − F (t)
H4(t) = F (t)H2(t) − H3(t)
H5(t) =
α0
4π
(
−16
3
f3(t) + 6f2(t) − 22
15
f1(t)
)
H6(t) =
∫ t
0
H2(t
′)2E(t′)dt′
H8(t) =
α0
4π
(
−8
3
f3(t) + f2(t) − 1
3
f1(t)
)
G1(t) = F2(t) − 1
3
H2(t)
2
G2(t) = 6F3(t) − F4(t) − 4H2(t)H4(t) + 2F (t)H2(t)2 − 2H6(t)
F2(t) =
α0
4π
(
8
3
f3(t) +
8
15
f1(t)
)
F3(t) = F (t)F2(t) −
∫ t
0
E(t′)F2(t
′)dt′
F4(t) =
∫ t
0
E(t′)H5(t
′)dt′ (B.4)
where fi(t) and hi(t) are defined by
fi(t) =
1
βi
(1 − 1
(1 + βit)2
) ; hi(t) =
t
(1 + βit)
. (B.5)
The low energy of the top mass may be obtained from the solutions of the one-loop
renormalization group equations, divided into two pieces, SUSY and non-SUSY, i.e.
(here Yt = h
2
t/(16π
2))
Yt(mt) = sin
2βYt(MSS)
E ′(tEW )
(1 + (9/2)sin2βYt(MSS)F ′(tEW ))
(B.6)
where
Yt(MSS) = Yt(Mc)
E(tSS)
(1 + 6Yt(Mc)F (tSS))
(B.7)
where the functions E, F are as defined above, with tSS = 2log(Mc/MSS) and tEW =
2log(MSS/MEW ). The functions E
′, F ′ are analogous to E, F but replacing the bi and
anomalous dimensions by the non-SUSY ones, i.e.
E ′(t) = (1+β ′3t)
8/(bNS
3
)(1+β ′2t)
9/(4bNS
2
)(1+β ′1t)
17/(12bNS
1
) , F ′(t) =
∫ t
0
E ′(t′)dt′ (B.8)
with β ′i = αi(MSS)b
NS
i /(4π) and t = tEW . We have now b
NS
i = (41/6,−19/6,−7).
For the anomalous dimensions we have made the change in the definition of E(t)
(13/9, 3, 16/3) → (17/12, 9/4, 8). Then mt(mt) = ht(mt) < H >= ht(mt)(174.1) GeV.
For this particular computation we take actually tEW = 2log(MSS/(173.2GeV )).
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In the case of Split-SUSY the same formulae in eq.(B.7) apply replacing E ′, F ′ by
E ′′, F ′′ given by
E ′′(t) = (1+β ′′3 t)
8/(bsp
3
)(1+β ′′2 t)
9/(4bsp
2
)(1+β ′′1 t)
17/(12bsp
1
) , F ′′(t) =
∫ t
0
E ′′(t′)dt′ (B.9)
with β ′′i = αi(MSS)b
sp
i /(4π) and t = tEW , where now b
sp
i = (45/6,−19/6,−5).
C Wave functions and proton decay
In F-theory GUT models most couplings of the 4d effective theory are obtained by
dimensional reduction over the GUT 4-cycle S. In particular, to compute particle
interactions one needs to consider the internal wavefunction of the 4d fields of the
theory, which typically have a non-trivial profile over S, and compute overlaps of these
wavefunction such as (2.6) or (6.4).
The internal wavefunction profile of the 4d particles is found by solving the corre-
sponding equations of motion, which in turn arise from the 8d 7-brane action found
in [23]. For 4d massless fermions, one can express such internal equations of motion as
a Dirac like equation, namely as [33]
DAΨ = 0 (C.1)
with
DA =


0 Dx Dy iφ
∗
−Dx 0 iφ Dy¯
−Dy −iφ∗ 0 −Dx¯
−iφ −Dy¯ Dx¯ 0


Ψ ≡


−√2 η
ψx¯
ψy¯
χxy


(C.2)
where D = ∂ − i〈A〉 is the covariant derivative of the 7-brane 8d gauge theory. The
components of D that appear in (C.2) are along complex coordinates (x, y) of the
internal 4-cycle S where our GUT 7-brane is wrapped. Hence, we have that 〈Ax,y〉 is
non-zero because there are internal worldvolume fluxes F = dA threading such 4-cycle,
and it is precisely in this way how the hypercharge flux FY as well as other fluxes
enter the equations of motion. If the fermion arises from a matter curve Σα then φ =
m2fα(x, y), where fα stands for a holomorphic function such that Σα = {fα(x, y) = 0},
and m is a mass scale (the intersection slope) of the order of m∗. If the fermions are
in the bulk of S and so not related to any matter curve then φ = 0.
Each of the components of the vector Ψ contains the degrees of freedom of a 4d chiral
fermion, which is related to the fact that these equations of motion arise from fermions
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in higher dimensions. Typically, 4d chiral fermions have a vanishing component η and
the other three components non-vanishing, while the opposite happens for 4d gauginos.
Let us for instance consider the case where fermionic zero modes in the represen-
tation 10 of SU(5) arise from a matter curve given by Σ10 = {y = 0}. Let us also
consider a worldvolume flux of the form13
〈F 〉 = i(dy ∧ dy¯ − dx ∧ dx¯)QP + i(dx ∧ dy¯ + dy ∧ dx¯)QS (C.3)
− i(dy ∧ dy¯ + dx ∧ dx¯)MxyQ10
where Q10 is a gauge generator such that fermions at Σ10 have charge +1, and we have
defined
QP = −MQ10 + N˜YQY M = 1
2
(My −Mx) (C.4)
QS = NFQ10 +NYQY Mxy =
1
2
(Mx +My) (C.5)
with QY the hypercharge generator and Mx < 0 < My. Here M , Mxy, NF , NY and N˜Y
are flux densities, which in a local patch around x = y = 0 one can approximate to be
constant. One can then check that a zero mode solution for (C.1) is given by [48, 51]
Ψi10 =

 0
~v

 ψi10, ψi10 = γi10m4−i∗ (x+ζy)3−i eMx+qY N˜Y2 |x|2eMy−qY N˜Y2 |y|2eλy(y¯−ζx¯)e−qSRe(xy¯)
(C.6)
where qY is the hypercharge of each particle inside the 10-plet and qS = NF + qYNY is
(C.5) evaluated for each of them. In addition λ is the lowest (negative) eigenvalue of
the matrix 

−Mx − qY N˜Y qS 0
qS −My + qY N˜Y im2
0 −im2 0

 (C.7)
~v is the corresponding unit eigenvector and ζ = −qS/(λ+Mx + qY N˜Y ). Finally, γi10 is
a normalization factor such that
〈Ψi10|Ψj10〉 = 2m2∗ ||~v||2
∫
S
(ψi10)
∗ψj10 dvolS = δ
ij (C.8)
and i labels the wavefunction for the ith family of 10-plets.
As the flux (C.4) is quantized over each curve of S, taking the volume of S rea-
sonably large takes us to the regime m2 ≫ |M |, |Mxy|, |NF |, |NY |, |N˜Y |, as oftentimes
13See [48] for more details on this F-theory model.
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assumed in F-theory models. In this limit we have λ → −m2 and ζ → 0, and so our
wavefunction can be approximated by
ψi10 = γ
i
10m
4−i
∗ x
3−i e
Mx+qY N˜Y
2
|x|2e−m
2|y|2−qSRe(xy¯). (C.9)
as done in the main text.
A similar analysis can be made to solve the wavefunction for the X, Y bosons, which
are eigenfunctions of the Laplacian
∆ΦX,Y = −5
6
µΦX,Y ∆ = {Dx, Dx¯}+ {Dy, Dy¯} (C.10)
with µ =
√
N2Y + N˜
2
Y and now the covariant derivatives are constructed from the piece
of the vector potential A proportional to QY , as the X, Y bosons are neutral under
Q10. A solution to the above equation is given by
ΦX,Y (x, y) = γX,Y m∗ e
− 5
12
µ (|x|2+|y|2) (C.11)
where γX,Y is again a normalization factor.
Finally, let us compute the coupling Γij1 leading to the dimension 6 proton decay
operator. As discussed in section 6, we need to compute an overlap integral of the form
A1 = 2m∗ ~v
† · ~v
∫
S
(ψ110)
∗ψ110ΦX,Y (C.12)
where for concreteness we have specified to the first family. The two wavefunctions Ψ110
in (C.12) are of the form (C.6) but because of gauge invariance they must correspond
to particles of the 10-plet with different hypercharge. Hence we have (qS, qP , λ, ζ) =
(qS1 , qP1 , λ1, ζ1) for one of them and (qS, qP , λ, ζ) = (qS2 , qP2, λ2, ζ2) for the other one,
where we have abbreviated qP = −M + qY N˜Y . Notice that this yields different vectors
~v for each particle. Instead of doing the δ-function approximation as in the main text,
let us compute the above integral with the original wavefunction (C.6). We find that
A1 =
20
√
2π2
6
gsµm
6
∗
(
1 +
λ1ζ1λ2ζ2
m4
+
λ1λ2
m4
)(
Mxy + qP1
m2∗
)(
Mxy + qP2
m2∗
)
(
2λ1(Mxy + qP1) +M
2
xy − q2P1 − (Mxy + qP1)2ζ21
m4 + λ21(1 + ζ
2
1 )
)1/2 (
2λ2(Mxy + qP2) +M
2
xy − q2P2 − (Mxy + qP2)2ζ22
m4 + λ22(1 + ζ
2
2)
)1/2
(
5µ
12
−Mxy + qP1+qP22 − λ1 − λ2 − (
qS1+qS2
2
+ λ1ζ1)ζ1 − ( qS1+qS22 + λ2ζ2)ζ2 + (5µ12 −Mxy −
qP1+qP2
2
)ζ1ζ2
)2
(
(5µ
12
−Mxy − qP1+qP22 )(5µ12 −Mxy +
qP1+qP2
2
− λ1 − λ2)− ( qS1+qS22 + λ1ζ1)(
qS1+qS2
2
+ λ2ζ2)
)3
Taking the limit M,Mxy, NF , NY , N˜Y ≪ m2, the leading term of this expression is
|A1| ≈ 5µ
6
√
2πm2∗
(−Mx − qY1N˜Y )3/2(−Mx − qY2N˜Y )3/2
(5µ
12
−Mx − qY1+qY22 N˜Y )3
(C.13)
reproducing eq.(6.11) for i = 1.
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